The biosynthetic genes pchDCBA and pchEF, which are known to be required for the formation of the siderophore pyochelin and its precursors salicylate and dihydroaeruginoate (Dha), are clustered with the pchR regulatory gene on the chromosome of Pseudomonas aeruginosa. The 4.6-kb region located downstream of the pchEF genes was found to contain three additional, contiguous genes, pchG, pchH, and pchI, probably forming a pchEFGHI operon. The deduced amino acid sequences of PchH and PchI are similar to those of ATP binding cassette transport proteins with an export function. PchG is a homolog of the Yersinia pestis and Y. enterocolitica proteins YbtU and Irp3, which are involved in the biosynthesis of yersiniabactin. A null mutation in pchG abolished pyochelin formation, whereas mutations in pchH and pchI did not affect the amounts of salicylate, Dha, and pyochelin produced. The pyochelin biosynthetic genes were expressed from a vector promoter, uncoupling them from Fur-mediated repression by iron and PchR-dependent induction by pyochelin. In a P. aeruginosa mutant lacking the entire pyochelin biosynthetic gene cluster, the expressed pchDCBA and pchEFG genes were sufficient for salicylate, Dha, and pyochelin production. Pyochelin formation was also obtained in the heterologous host Escherichia coli expressing pchDCBA and pchEFG together with the E. coli entD gene, which provides a phosphopantetheinyl transferase necessary for PchE and PchF activation. The PchG protein was purified and used in combination with PchD and phosphopantetheinylated PchE and PchF in vitro to produce pyochelin from salicylate, L-cysteine, ATP, NADPH, and S-adenosylmethionine. Based on this assay, a reductase function was attributed to PchG. In summary, this study completes the identification of the biosynthetic genes required for pyochelin formation from chorismate in P. aeruginosa.
The opportunistic human pathogen Pseudomonas aeruginosa responds to iron-limiting growth conditions by the production of two major siderophores, pyoverdin (6, 19) and pyochelin (4, 28) . These compounds are released to the extracellular environment, where they form a complex with iron and deliver it to the bacterial cell via their specific membrane receptors, FpvA (23) and FptA (1), respectively. Both siderophores, which contribute to the virulence of P. aeruginosa (5, 20, 36) , are made by a thiotemplate mechanism (13, 18, 26, 27) .
The genes required to make pyochelin and its precursors salicylate and dihydroaeruginoate (Dha) are clustered on the P. aeruginosa chromosome, next to the pyochelin receptor gene fptA (Fig. 1) . Two biosynthetic operons, pchDCBA and pchEF, whose expression is repressed by the Fur protein in the presence of iron, have been identified (27, 33) . Interestingly, pyochelin biosynthesis is autoregulated by a positive-feedback loop which requires the transcriptional regulator PchR. The pchR gene is located between the two biosynthetic operons (15, 27) (Fig. 1) .
In the initial steps of pyochelin biosynthesis, salicylate is made from chorismate via isochorismate. These reactions are catalyzed by an isochorismate synthase and an isochorismatepyruvate lyase encoded by the pchA and pchB genes, respectively (32; C. Gaille and D. Haas, unpublished results). Salicylate and L-cysteine, adenylated by PchD and PchE, respectively, are loaded onto the peptide synthetase PchE via covalent thioester linkages provided by two posttranslationally added phosphopantetheine prosthetic groups (26, 27) . Subsequent condensation and cyclization reactions, catalyzed by PchE, generate an enzyme-bound hydroxyphenyl-thiazoline intermediate (26) which, when released by the action of a thioesterase, produces Dha (alternatively designated hydroxyphenyl-thiazolinyl-carboxylate). A domain of PchF displays such a thioesterase activity (26) , and a putative external thioesterase is also encoded by the pchC gene (33) . Pyochelin formation additionally requires the peptide synthetase PchF, which adenylates a second molecule of L-cysteine and anchors it, again via a phosphopantetheine prosthetic group, to a carrier domain in PchF (26, 27) . PchF then catalyzes the condensation of the hydroxyphenyl-thiazoline-S-PchE intermediate with cysteinyl-S-PchF and generates the second thiazoline ring (26) . At this stage, the basic skeleton of pyochelin is completed and the second thiazoline ring needs to undergo reduction and methylation before biosynthesis is terminated by pyochelin release from PchF due to cleavage of the remaining thioester bond.
In vitro reconstitution experiments with purified PchE and PchF, primed posttranslationally with phosphopantetheine, and purified PchD have shown that these proteins are able to make the pyochelin backbone from salicylate and L-cysteine but that they are not sufficient to catalyze the modification of the second thiazoline ring (26) . A detailed genetic analysis of the pyochelin biosynthetic gene cluster indicates that additional genes located downstream of pchF may encode these missing functions (27) .
Here we investigate the role of three additional genes, pchG, pchH, and pchI, in pyochelin biosynthesis and translocation and show that PchG, together with PchD and the holoenzyme forms of PchE and PchF, is sufficient to catalyze pyochelin formation from salicylate, L-cysteine, ATP, NADPH, and S-adenosylmethionine (SAM) in vitro.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains used in this study are listed in Table 1 . Bacteria were usually grown on nutrient agar and in nutrient yeast broth (35) at 37°C. To quantify salicylate, Dha, and pyochelin in culture supernatants of P. aeruginosa, strains were grown in GGP medium (3) . Minimal medium M9 (29) , supplemented with 20 mM sodium succinate and the weak iron chelator 2,2Ј-dipyridyl (500 M), was used as an iron-depleted medium to test pyochelin-mediated iron uptake in pyoverdin-negative mutants of P. aeruginosa. Antibiotics, when required, were added to the growth media at the following concentrations: tetracycline, 25 g/ml for Escherichia coli and 100 g/ ml for P. aeruginosa; ampicillin, 100 g for E. coli; carbenicillin, 250 g/ml for P. aeruginosa; spectinomycin, 50 g/ml for E. coli and 1 mg/ml for P. aeruginosa; gentamicin, 10 g/ml for E. coli and P. aeruginosa; and kanamycin, 25 g/ml for E. coli. To counterselect E. coli donor cells in matings with P. aeruginosa, chloramphenicol was used at 10 g/ml.
Construction of plasmids and gene replacement mutants. All plasmids used in this study are listed in Table 1 . To uncouple the expression of the pch genes from iron and pyochelin control, a two-plasmid system was developed to allow constitutive pyochelin formation in homologous and heterologous backgrounds. First, the pchDCBA operon was fused at the ATG start codon of pchD to the lac promoter (P lac ) carried by vector pME6001 by using a linker region containing a ribosome binding site (5Ј-AAGCTTGATATCGAATTGTGAGCGGATAAC AATTTCACACAGAATTGATTAAAGAGGAGAAATTAAGCATG-3Ј; the HindIII site used for cloning into pME6001 is italicized; the ATG start codon of pchD is underlined). This procedure gave plasmid pME6478 (Fig. 1) . Then, the entD gene, encoding a phosphopantetheinyl transferase from E. coli, was excised from pET28b-entD by using XbaI and HindIII, ligated to a ClaI-XbaI DNA linker (5Ј-ATCGATAAGCTCTAGA-3Ј), and cloned into pME6478 between ClaI and HindIII to give pME6178 (Fig. 1) . Constitutive expression of the pchEFGHI operon or parts thereof was achieved by fusing the ATG start codon of pchE to the kanamycin promoter (P kan ) present on pME6012 by using a linker region with a ribosome binding site (5Ј-AGATCTATCGATGCATGCCATGGTACCC AACTTTAAGAAGGAGATATACCCATG-3Ј; the BglII site used for cloning into pME6012 is italicized; the ATG start codon of pchE is underlined). In subsequent cloning steps, a series of constructs carrying pchE only (pME6482), pchEG (pME6483), pchEGHI (pME6484), pchEF (pME6486), pchEFG (pME6488), and pchEFGHI (pME6490) were generated (Fig. 1) .
To overexpress and purify the PchG protein, its coding region was PCR amplified from genomic DNA of P. aeruginosa strain PAO1 by using the forward primer 5Ј-ATGCCAGAGGAGGCGAGCATATGAGCGACGTTCGTTCCG-3Ј and the reverse primer 5Ј-AGCAGGCGCCACAGCACCGCTCGAGCGAG GCTTGCTCC-3Ј; the forward primer introduces a silent mutation in the fourth codon to replace the low-frequency valine codon GTA with a GTT valine codon FIG. 1. Physical map of the pchDCBA-pchR-pchEFGHI-fptA region of P. aeruginosa PAO1. The pchDCBA operon and the pchR, pchEF, and fptA genes have been described previously (1, 15, 27, 32) . The ⍀Sm/Sp cassette present in mutants PAO6333, PAO6335, PAO6336, PAO6337, and PAO6338 is designated by ⍀. Deletions are indicated by ⌬. Subclones used for complementation experiments were constructed such that the respective vector promoter (indicated by a triangle) was located upstream of pchE, pchG, pchD, and entD. The restriction enzymes used for subcloning experiments are indicated. Note that for SalI, PvuII, MunI, and RsaI, only the locations relevant to this study are shown.
(italicized). The amplified product was digested with NdeI and XhoI and ligated to expression vector pET29b, digested with the same enzymes, to generate plasmid pPchG.
To generate chromosomal insertion and deletion mutations in pch genes ( Fig.  1) , derivatives of the suicide plasmids pME3087 and pME3088 (Table 1) were mobilized from E. coli S17-1 to strain PAO1 and chromosomally integrated, with selection for tetracycline resistance. Excision of the vector via a second crossing over was obtained by enrichment for tetracycline-sensitive cells (40) . All mutants were checked by Southern analysis.
DNA manipulation and sequencing. DNA manipulations were carried out as described by Sambrook et al. (29) . Small-scale preparation of plasmid DNA was carried out by the cetyltrimethylammonium bromide (CTAB) method (7); largescale preparation was performed with Qiagen-tip 100 columns (Qiagen Inc.). Chromosomal DNA was prepared as described by Gamper et al. (11) . Restriction and DNA-modifying enzymes were used by following the instructions of the manufacturers. DNA fragments were purified from agarose gels with a Gene Clean DNA extraction kit (Bio 101, La Jolla, Calif.). E. coli and P. aeruginosa were transformed by the standard CaCl 2 procedure (29) or by electroporation (8) . Nucleotide sequences were determined on both strands with a dye terminator kit (Perkin-Elmer product no. 402080) and an ABI PRISM 373 sequencer and, in part, by the Euro Sequence Gene Service. Sequences were compared to the DNA sequence available from the P. aeruginosa genome sequencing project (http://www.pseudomonas.com) and found to be identical except for a single mismatch at position 1555 (T instead of G) of the pchI coding sequence. Nucleotide sequences were analyzed with programs from the University of Wisconsin Genetics Computer Group package (version 9.1).
Identification of salicylate, Dha, and pyochelin in culture supernatants of P. aeruginosa and E. coli. P. aeruginosa strains were grown in GGP medium to stationary phase (optical density at 600 nm, Ϸ7 to 11, as measured with a Pharmacia Ultrospec III spectrophotometer), and recombinant E. coli strains were grown in nutrient yeast broth for 42 h to reach a final optical density at 600 nm of Ϸ2 to 2.5. For high-pressure liquid chromatography (HPLC) analysis, ethyl acetate extracts of acidified culture supernatants were dried by evaporation, dissolved in 60% (vol/vol) methanol-10 mM H 3 PO 4 , and injected into an HPLC system as described previously (27) . Compounds were identified by their retention time and UV spectra. Dha, salicylate, and pyochelins I and II were quantified at 256, 237, 258, and 254 nm, respectively.
Overproduction and purification of Sfp and Pch proteins in E. coli. Overproduction and purification of Sfp, PchD, PchE, and PchF proteins have been described previously (25, 26) . For production in E. coli BL21(DE3) and purifi- Production and detection of salicylate-containing compounds. In vitro reconstitution reactions contained 75 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 5 mM ATP, 0.1 mM coenzyme A, 1 mM salicylate, 5 mM L-cysteine, 2.5 M PchE, 2.5 M PchF, 4 M PchD, and 0.5 M Sfp. When needed, NADPH (2.0 mM), SAM (2.0 mM), and/or PchG (6 M) was added. Reaction mixtures were incubated at 25°C for 1 h to allow phosphopantetheinylation, prior to initiation of the reaction by the addition of ATP. Incubation was continued for 2 h before the addition of HCl (100 mM final concentration) and extraction with ethyl acetate (1 ml) as reported previously (26) . Dried samples were dissolved in 10% acetonitrile and analyzed by HPLC using a Vydac C 18 reverse-phase column (4.6 mm by 25 cm) on a Beckman Gold HPLC system with monitoring at 254 nm. The mobile phases used were as follows: mobile phase A, 0.1 ml of formic acid and 0.2 ml of triethylamine in 1 liter of water; and mobile phase B, acetonitrile. Samples were eluted at 1 ml/min using a linear gradient of mobile phase B from 8 to 100% over 30 min. Mass spectrometry was carried out as described previously (26) .
Nucleotide sequence accession number. The nucleotide sequence of the pchG, pchH, and pchI genes of P. aeruginosa PAO1 has been assigned GenBank accession no. AF074705. The nucleotide sequence of pchG from strain PAO1 is almost identical to that from strain PA103 determined by De Voss and coworkers (GenBank accession no. AF116557).
RESULTS
The peptide synthetase genes pchE and pchF are followed by three additional genes, pchG, pchH, and pchI, in P. aeruginosa. Previous work has indicated that the pchEF transcriptional unit contains additional genes downstream of pchF which may be necessary for pyochelin formation (27) . To characterize these genes, the DNA region between pchF and the pyochelin receptor gene fptA was subcloned from cosmid pME3300 (32) and sequenced. Three open reading frames (ORFs) were identified. The first ORF, designated pchG, extends for 1,047 bp. The predicted ATG start codon overlaps with the stop codon of pchF and is preceded by a plausible ribosome binding site (AGGA). The second ORF, pchH, consists of 1,710 bp. The predicted GTG start codon overlaps with the TGA stop codon of pchG. A putative ribosome binding site (GGAG) is located at the 3Ј end of pchG. The stop codon of pchH overlaps with the presumed ATG start codon of the third ORF, pchI, which consists of 1,722 bp and is also preceded by a plausible ShineDalgarno sequence (GGAG). The structural organization of the pchEFGHI genes strongly indicates that they belong to the same transcriptional unit, whereas the downstream fptA gene has its own iron-regulated promoter, as shown previously (1) .
Comparison of the deduced amino acid sequence of pchG with the current sequence databases did not convincingly indicate the function for this protein. Some similarity was found only to proteins Irp3 (GenBank accession number Y12527; 28% identity) and YbtU (accession number AL031866; 27% identity), which are required for yersiniabactin formation in Yersinia enterocolitica and Y. pestis, respectively (12, 22) . NrpU, a protein from Proteus mirabilis (accession number U46488), which shares 41% identical amino acids with Irp3, is also related to PchG (24% identity). However, no biochemical function has yet been attributed to Irp3, YbtU, and NrpU (12, 22) .
The deduced amino acid sequences of PchH and PchI showed similarities to those of various ATP binding cassette (ABC) transport proteins with export function (30 to 35% identical amino acids). All four conserved sequence motifs characteristic of ABC proteins (17) are present in PchH and PchI; the Walker A motif (GPSGSGKST in PchH and GPSG AGKSS in PchI), resembling the consensus core sequence GX XGXGKST, and the Walker B motif (LLLLDEPT in PchH and PchI), resembling the consensus core sequence hhhh DEPT (h being a hydophobic residue), are necessary for ATP binding and hydrolysis. The ABC signature sequence LSGG, which is likely to be involved in energy transduction, is entirely conserved in PchH and PchI. An additional new motif consisting of a conserved histidine preceded by four hydrophobic residues and followed by a charged residue is present in PchH (VIVAHR) and PchI (LVLTHR) about 30 amino acids downstream of the conserved aspartic acid residue of the Walker B motif. PchH and PchI have membrane-spanning domains with six plausible transmembrane helices in their amino-terminal portions, whereas the ATPase domains are located in their carboxy-terminal portions.
Effects of pchG, pchH, and pchI mutations in P. aeruginosa on the formation of salicylate, Dha, and pyochelin. To study the role of PchG, PchH, and PchI in pyochelin biosynthesis and translocation, several P. aeruginosa mutants were constructed. First, a pchI mutation was created by marker exchange using plasmid pME6499, which carries an ⍀Sm/Sp cassette at the EcoRV site in pchI. This mutation was made in the chromosome of the wild-type strain PAO1, giving strain PAO6337 (Fig. 1) . Similar pyochelin and Dha concentrations were measured in culture supernatants of PAO6337 and PAO1 grown under iron-limiting conditions ( Table 2 ), indicating that PchI is not involved in pyochelin or Dha export. An ⍀Sm/Sp insertion was also created in pchH (at the EcoRI site) using the suicide construct pME6498. Again, the mutation was transferred to wild-type strain PAO1, giving strain PAO6335 (Fig. 1) . This insertion not only interrupts pchH but also has a polar effect on the expression of the downstream pchI gene. Salicylate, Dha, and pyochelin concentrations in culture supernatants of PAO6335 a GGP medium (30 ml) containing, when required, carbenicillin (250 g/ml) was inoculated with 0.3-ml samples of cultures grown in the same medium. After incubation at 37°C and 220 rpm for 33 h, supernatants were extracted and analyzed for salicylate, Dha, and pyochelin concentrations by HPLC (see Materials and Methods). The values given represent the means and standard deviations for three independent experiments.
were determined and were found to be similar to those in the wild type and in the pchI mutant (Table 2) . Thus, neither PchH nor PchI appears to be essential for pyochelin or Dha export.
The pchH and pchI ⍀Sm/Sp insertion mutations were also introduced into the pyoverdin-negative mutant PALS128, resulting in strains PAO6336 and PAO6338, respectively (Fig. 1) . These strains grew well in minimal medium supplemented with the weak iron chelator dipyridyl, suggesting that they could utilize their own, stronger iron chelator pyochelin for iron uptake. In a control experiment, the double pyoverdin-and pyochelin-negative mutant PALS128-17 (32) grew very poorly in dipyridyl minimal medium. Therefore, an involvement of PchH and PchI in pyochelin-mediated iron uptake seems unlikely.
An ⍀Sm/Sp cassette was also inserted into the pchG gene of strain PAO1 using the suicide construct pME6180, resulting in strain PAO6333. As shown in Table 2 , no pyochelin was detected in the supernatant of PAO6333 grown under iron-limiting conditions, implying that pchG is required for pyochelin biosynthesis. Dha was detected in small amounts, a result which could be explained by the fact that pyochelin is required to induce the transcription of the entire pchE operon (27) . Although the mutation in PAO6333 is polar, the observed phenotype can be attributed solely to the mutation in pchG since, as shown above, insertions of ⍀ cassettes in pchH or pchI do not affect Dha and pyochelin production. Moreover, PAO6333 could be fully complemented by introducing plasmid pME6428, which carries pchG under the control of the constitutive lac promoter (Fig. 1 and Table 2). These results show that PchG is essential for pyochelin production.
Uncoupling salicylate, Dha, and pyochelin biosynthesis from Fur-mediated repression by iron and PchR-dependent induction by pyochelin. We have shown previously that the expression of the two pyochelin biosynthetic operons is positively autoregulated by pyochelin and PchR (27) . As a consequence, it can be difficult to study the importance of each gene individually in the biosynthetic pathway. Thus, although pchG is clearly needed for pyochelin production, a possible role in Dha formation cannot be excluded. We therefore decided to uncouple the expression of pchDCBA and pchEFGHI from positive autoregulation by pyochelin as well as from negative regulation by iron and Fur. To this end, the pchDCBA genes, together with the entD gene from E. coli, were subcloned into vector pME6001 and expressed under the control of the constitutive lac promoter in pME6178 (Fig. 1) . The entD gene, which encodes a phosphopantetheinyl transferase with relaxed specificity, was added to ensure the conversion of the peptide synthetases PchE and PchF to their holoenzyme forms, in case the gene for phosphopantetheinyl transferase of P. aeruginosa were under iron and/or pyochelin control as well. This gene, which is not part of the pchDCBA and pchEFGHI operons, has not yet been identified in P. aeruginosa.
To express different combinations of genes from the pchEF GHI operon constitutively, a series of plasmids ( Fig. 1 and Table 3 ) were generated from vector pME6012, in which gene expression is driven from the kanamycin promoter. The individual roles of pchE, pchF, pchG, pchH, and pchI in Dha and pyochelin formation were then studied with PAO6331, a mutant of PAO1 in which the whole pyochelin region encompassing pchDCBA, pchR, and pchEFGHI had been removed by gene exchange using the suicide construct pME6176 (Fig. 1) . As expected, salicylate, Dha, and pyochelin were not detectable in supernatants of PAO6331 grown in the presence or in the absence of iron (Table 3 ). The introduction of pME6178 (Fig. 1 ) resulted in iron-independent production of salicylate. In agreement with our previous findings (26, 27) , constitutive production of Dha required, in addition, the presence of pchE on pME6482 (Fig. 1) . PchG was not involved in Dha production, as similar amounts were made when pME6482 was replaced by plasmid pME6483, carrying pchEG. To test whether PchH and PchI would contribute to Dha export, we measured the content of Dha in PAO6331 carrying pME6178 and pME6484. Surprisingly, the presence of the pchHI genes strongly reduced the amounts of Dha and weakly reduced those of salicylate detected in culture supernatants (Table 3) . Thus, a function of PchH and PchI in Dha export is unlikely, but an import activity for Dha (and perhaps salicylate) cannot be excluded. Constitutive Dha and pyochelin formation in PAO6331 was achieved with pME6178 and pME6488, carrying pchEFG. The requirement for pchG was further corroborated by the fact that no pyochelin was made when pME6488 was replaced by pME6486, carrying the pchEF genes only. Adding the pchHI 
a GGP medium (30 ml) containing, when required, gentamicin (10 g/ml) and tetracycline (100 g/ml) was inoculated with 0.3-ml samples of cultures grown in the same medium. After incubation at 37°C and 220 rpm for 33 h, supernatants were extracted and analyzed for salicylate, Dha, and pyochelin concentrations by HPLC (see Materials and Methods). The values given represent the means and standard deviations for three independent experiments.
b The medium was supplemented with 100 M FeCl 3 (iron excess).
VOL. 183, 2001 PYOCHELIN BIOSYNTHETIC PATHWAY OF P. AERUGINOSAgenes downstream of pchEFG on pME6490 did not result in larger amounts of Dha and pyochelin being produced (Table  3) , showing again that this ABC transport system is not necessary for Dha or pyochelin export. A control experiment showed that the deletion mutant PAO6331 was complemented by the pchDCBA and pchEFG genes alone, in the absence of the cloned entD gene; pyochelin, salicylate, and Dha were produced by strain PAO6331 carrying plasmids pME6478 and pME6488, and the addition of iron did not influence the amounts of these metabolites (Table 3 , last entry). Thus, the expression of the chromosomal phosphopantetheinyl transferase gene of P. aeruginosa does not appear to restrict pyochelin synthesis when iron is present in the growth medium. We do not know at this stage whether this gene is expressed constitutively or is positively autoregulated by pyochelin, in parallel with the two pyochelin biosynthetic operons (27) .
Pyochelin formation in E. coli expressing pyochelin biosynthetic genes from P. aeruginosa. The results presented in Tables 2 and 3 indicate that the pchDCBA and pchEFG genes are sufficient to produce pyochelin from chorismate in P. aeruginosa. In an attempt to clarify the role of the pchHI genes, we also measured pyochelin formation in recombinant derivatives of E. coli, a host which is normally unable to make salicylate, Dha, and pyochelin. After 42 h of growth in nutrient yeast broth containing tetracycline and gentamicin for plasmid maintenance, pyochelin concentations were measured in supernatants from three independent cultures of strain MT147 carrying pME6178 and pME6488. Although the amount of pyochelin made by this strain (21 Ϯ 1.5 nmol/ml) was considerably smaller than that measured in culture supernatants of P. aeruginosa, the result confirms that pchDCBA and pchEFG, together with entD, are sufficient for pyochelin biosynthesis in the heterologous host. Replacing pchEFG with pchEFGHI did not affect pyochelin production (data not shown); hence, the function of PchH and PchI remained elusive. The small amounts of pyochelin produced by E. coli recombinants may have been a result of low chorismate availability, since salicylate concentrations measured in culture supernatants of MT147 carrying pME6178 and pME6488 were also much lower (2.3 Ϯ 0.3 nmol/ml) than those found in PAO6331 carrying the same two plasmids (Table 3) .
PchG is required for pyochelin formation in vitro. As reported previously (26) , the in vitro reconstitution reaction containing PchD, PchE, PchF, salicylate, ATP, and L-cysteine results in the formation of hydroxyphenyl-thiazolinyl-cysteine (HPT-cys) and hydroxyphenyl-thiazolyl-thiazolinyl-carboxylic acid (HPTT-COOH) (Fig. 2, trace f) . The addition of PchG alone did not alter the HPLC chromatogram (Fig. 2, trace e) ; however, the addition of PchG and NADPH produced a new product (indicated by an asterisk in trace d) that eluted between the standards for HPT-cys and HPTT-COOH. Mass spectrometric analysis showed this peak to have a mass of 311 Da. This mass corresponds to that of the predicted [M ϩ H] ϩ ion for desmethyl-pyochelin (hydroxyphenyl-thiazolinyl-thiazolidinyl-carboxylic acid), in which the second thiazoline ring of the precursor hydroxyphenyl-bis-thiazolinyl-carboxylic acid has been reduced. The autoxidation of the middle ring, which is observed in the formation of HPTT-COOH, is not observed in this product.
When SAM was added and NADPH was omitted, only HPT-cys and HPTT-COOH were produced (Fig. 2, trace c) . Full reconstitution of pyochelin synthetase activity was observed upon inclusion of PchG, NADPH, and SAM (Fig. 2,  trace b) . The two peaks which had the same retention time as authentic pyochelin (Fig. 2, trace a) and which were observed in the full reconstitution were isolated and subjected to mass spectrometric analysis. The mass of each peak (325 Da) was in In addition, traces b to e also contained 6 M PchG, traces b and c also contained 2.0 mM SAM, and traces b and d also contained 2.0 mM NADPH. The identity of the peak indicated by an asterisk was determined by mass spectrometry and corresponds to desmethyl-pyochelin (see Fig. 3 ). Note that peak sizes were normalized to show the identity of peaks and that they do not reflect relative amounts of products.
good agreement with that of the predicted [M ϩ H] ϩ ion and was identical to the mass observed for the pyochelin standard purified from P. aeruginosa. Thus, both mass analysis and HPLC confirmed that the two peaks observed in Fig. 2 , trace b, corresponded to the isomeric mixture (pyochelins I and II) of natural pyochelin (trace a), as previously reported (28) .
DISCUSSION
We have shown in this study that the pchG gene, which is located downstream of pchEF, is essential for pyochelin formation in P. aeruginosa. Thus, we have identified all genes required to make pyochelin from chorismate, with the exception of a phosphopantetheinyl transferase gene, whose activity is necessary for priming the peptide synthetases PchE and PchF. This result was confirmed by the fact that transfer of the pchDCBA and pchEFG genes to E. coli resulted in pyochelin formation in this heterologous host.
The pchHI genes located immediately downstream of pchG encode proteins that resemble the subfamily of ABC transporters with export function. PchH and PchI each carry an ATP binding domain and a membrane-spanning domain on the same polypeptide, a configuration which is typical for bacterial export systems (9, 31) . The absence of an adjacent gene coding for a periplasmic binding protein further supports a role for PchH and PchI in an export function rather than an import function. Based on these structural characteristics and on the likely coregulation of pchHI with the pchEFG genes, it was conceivable that PchH and PchI could be involved in pyochelin export. However, mutations in either pchH or pchI did not alter the amount of pyochelin (or Dha) present in culture supernatants. Thus, PchH and PchI may have another, as-yetunknown transport function, or Dha and pyochelin may be exported by other transporters.
Two ABC transport genes, ybtP and ybtQ, have been identified in the yersiniabactin cluster in Y. pestis. Their corresponding proteins have the structural characteristics of ABC exporters. However, they are not necessary for yersiniabactin secretion but rather appear to play a role in iron uptake (10). We could not obtain evidence for an involvement of PchH and PchI in pyochelin-mediated iron uptake in P. aeruginosa. However, in the absence of pyochelin synthesis (due to the absence of pchF), the overexpressed pchHI genes significantly reduced the amount of Dha excreted (Table 3) . One possible interpretation of this finding may be that PchH and PchI import Dha, thereby allowing the recycling of this compound. Unfortunately, there is no simple assay for such a function, in that free Dha does not act as a biosynthetic precursor of pyochelin (27) .
When the essential nature of PchG for pyochelin formation had been established by the genetic knockout results, the specific function of PchG as an enzyme was assayed in vitro in the presence of purified PchD, PchE, and PchF proteins. Only in the presence of both pure PchG protein and the cosubstrates NADPH and SAM was pyochelin produced in these incubations, starting from salicylate, cysteine, and ATP. Since we have previously shown that a tricyclic acyl enzyme intermediate (26) accumulates on PchF and is not released in the absence of PchG, we conclude that PchG is a catalytic protein whose action is required before the mature pyochelin acyl chain can be released from its covalent tether on PchF. PchG is weakly similar to biliverdin reductase (30) , also an NADPH-dependent imine reductase, supporting the assignment in Fig. 3 of PchG as a thiazolinyl-S-enzyme-reductase converting bisthiazolinyl-S-PchF to the des-N-methyl-pyochelinyl-S-PchF acyl Fig. 3 , N methylation produces mature pyochelinyl-S-PchF, which is presumed then to be a substrate for rapid hydrolysis by the C-terminal thioesterase domain of PchF or by PchC.
From these results, we conclude that PchG is an imine reductase, reducing thiazoline to a thiazolidine ring. There is mechanistic analogy between PchG and other NADPH-dependent imine reductases, for example, dihydrofolate reductase. Only after PchG action will the nitrogen in the thiazolidine ring be sufficiently basic and electron rich to attack the electron-deficient methyl group in SAM to yield the N-methylthiazolidine moiety characteristic of mature pyochelin. This initial elucidation of a thiazoline reductase activity of PchG is likely to presage equivalent reductase functions of Irp3 and YbtU, which are involved in the biosynthesis of the related but structurally more complex siderophore yersiniabactin (12, 22) .
